Marinesco-Sjö gren syndrome (MSS) is a rare, early onset, autosomal recessive multisystem disorder characterized by cerebellar ataxia, cataracts and myopathy. Most MSS cases are caused by loss-of-function mutations in the gene encoding SIL1, a nucleotide exchange factor for the molecular chaperone BiP which is essential for correct protein folding in the endoplasmic reticulum. Woozy mice carrying a spontaneous Sil1 mutation recapitulate key pathological features of MSS, including cerebellar atrophy with degeneration of Purkinje cells and progressive myopathy. Because the PERK branch of the unfolded protein response is activated in degenerating neurons of woozy mice, and inhibiting PERK-mediated translational attenuation has shown protective effects in protein-misfolding neurodegenerative disease models, we tested the therapeutic efficacy of GSK2606414, a potent inhibitor of PERK. Mice were chronically treated with GSK2606414 starting from a presymptomatic stage, and the effects were evaluated on biochemical, histopathological and clinical readouts. GSK2606414 delayed Purkinje cell degeneration and the onset of motor deficits, prolonging the asymptomatic phase of the disease; it also reduced the skeletal muscle abnormalities and improved motor performance during the symptomatic phase. The protein but not the mRNA level of ORP150, a nucleotide exchange factor which can substitute for SIL1, was increased in the cerebellum of GSK2606414-treated woozy mice, suggesting that translational recovery promoted the synthesis of this alternative BiP co-factor. Targeting PERK signaling may have beneficial disease-modifying effects in carriers of SIL1 mutations. † Present address:
Introduction
Marinesco-Sjö gren syndrome (MSS; OMIM 248800) is a rare autosomal recessive multisystem disease causing cerebellar ataxia, cataracts, myopathy, dysarthria, mental retardation, short stature and hypergonadotropic hypogonadism in some cases (1, 2) . Clinical signs appear in early infancy, and progress for a variable number of years; then they stabilize, and patients have a normal lifespan. There is no pharmacological therapy for MSS, apart from hormone replacement for primary gonadal failure, and medical care involves mainly educational and rehabilitative programs to improve walking, cognition and speaking.
More than 60% of MSS patients carry homozygous or compound heterozygous mutations in the gene encoding SIL1 (also known as BiP-associated protein or BAP) (3) (4) (5) . A spontaneous recessive Sil1 mutation (Sil1 wz ) is also responsible for the ataxic phenotype of woozy mice, which develop cerebellar atrophy with Purkinje cell (PC) loss, and myopathic changes highly reminiscent of MSS (6, 7) . The SIL1 protein is an ATP-exchange factor for the endoplasmic reticulum (ER) chaperone BiP (binding immunoglobulin protein, also known as GRP78) (8) , which is essential in protein translocation and folding. Mutations in SIL1 are thought to impair BiP activity, leading to unfolded protein accumulation in the ER and maladaptive unfolded protein response (UPR) (3, 6) . Supporting this, degenerating PCs in cerebellar lobules I-VIII of woozy mice contain ubiquitinated protein inclusions and display typical signs of UPR, including elevated levels of BiP and of the pro-apoptotic factor CHOP (C/EBP homologous protein, also known as GADD153) (6) . Overexpression of ORP150 (oxygen-regulated protein of 150 kDa, also known as GRP170), an ATP-exchange factor that works in parallel with SIL1, prevents ER stress and PC death, while reducing its expression exacerbates neurodegeneration, leading to UPR activation and PC loss also in the caudal lobules IX and X, which are normally preserved in woozy mice (9) .
The kinase PERK [protein kinase RNA (PKR)-like ER kinase] is one of the three primary effectors of the UPR, the others being ATF6 (activating transcription factor 6) and IRE1 (inositolrequiring enzyme 1) (10) . PERK is an ER transmembrane protein containing a stress-sensing domain facing the ER lumen, and a cytosolic kinase domain. PERK is maintained in its inactive state through its association with BiP. An increase in unfolded proteins in the ER lumen causes the release of BiP from the PERK stress-sensing domain, resulting in PERK activation via oligomerization and autophosphorylation. Activated PERK phosphorylates eIF2a (the a-subunit of the eukaryotic initiation factor 2) in the cytoplasm, preventing the formation of methionine-bearing ternary complexes needed to initiate protein translation, thereby reducing global protein synthesis as a mechanism to manage the load of unfolded proteins in the ER (10) .
Some specific mRNAs, however, are preferentially synthesized during phospho-eIF2a (eIF2a-P)-mediated translational attenuation. These include the mRNA encoding ATF4 (activating transcription factor 4), which upregulates the expression of genes encoding ER chaperones and proteins involved in amino acid metabolism, autophagy and redox balance. ATF4 also upregulates GADD34 (growth arrest and DNA-damage-inducible protein-34), the regulatory subunit of the serine/threonine protein phosphatase 1, which dephosphorylates eIF2a-P, providing a negative feedback mechanism that helps rapidly restore protein synthesis upon resolution of ER stress. If ER stress is not resolved, prolonged expression of ATF4 upregulates CHOP, which initiates the apoptotic signaling cascade, leading to cell death.
Chronic activation of the PERK/eIF2a branch of the UPR appears to be especially detrimental to neurons, which are exquisitely dependent on new protein synthesis for synaptic maintenance and survival. Thus genetic and pharmacological inhibition of the pathway to restore protein synthesis has marked neuroprotective effects in prion-infected mice and in a transgenic mouse model of frontotemporal dementia (rTg4510 tau P301L ), rescuing synaptic failure and behavioral deficits (11) (12) (13) (14) .
In some neurodegenerative conditions, however, prolonging rather than inhibiting PERK/eIF2a signaling is neuroprotective: for example, in the SOD1 G93A mouse model of amyotrophic lateral sclerosis and in the a-synuclein A53T mouse model of Parkinson's disease (15) (16) (17) . Thus, manipulating PERK/eIF2a signaling may have different effects in different neurodegenerative diseases, perhaps depending on the nature of the stress induced by the specific misfolded protein (18) .
We examined the role of the PERK pathway in the woozy mouse model of MSS, in which ER stress is triggered by loss of SIL1 co-chaperone activity, rather than by misfolding of a single disease-related protein. We first analyzed the activation of PERK/eIF2a signaling in relation to cerebellar degeneration and motor dysfunction. Next, we tested the effects of pharmacological inhibition of PERK on the development of motor symptoms, PC loss and muscle pathology.
Results
PERK/eIF2a signaling is activated in Purkinje cells of woozy mice before cerebellar degeneration and onset of motor dysfunction Woozy mice develop ataxia between 3 and 4 months of age (6) . To determine the first appearance of motor dysfunction more precisely and follow its course, groups of wild-type (WT) and woozy littermate mice were periodically tested on the accelerating rotarod. This motor behavioral task requires the animals to walk on an accelerating rotating rod, with latency to fall as a readout, and is a sensitive test of cerebellar abnormalities. There were no significant differences in rotarod performance between the two groups of mice up to 8 weeks of age (Fig. 1A) . From 10 weeks on, however, woozy mice showed a shorter latency to fall than WT controls; their performance worsened up to 16 weeks of age, after which there was no further significant decline (Fig. 1A) . Magnetic resonance imaging (MRI) detected a $50% reduction in the cerebellar volume of woozy compared with WT mice (Fig. 1B and C) .
CHOP is upregulated in degenerating PCs of woozy mice, suggesting that the PERK branch of the UPR is active in these neurons (6) . To confirm this, and assess the temporal relation between PERK/eIF2a signaling and neurodegeneration, we immunostained the cerebella of 4-16 weeks-old woozy mice with antibodies against eIF2a-P and CHOP, with an anticalbindin antibody to selectively mark PCs. There was no difference in PC density and dendritic arborization between WT and woozy mice up to 6 weeks of age, but PCs were clearly degenerating in 8-week-old woozy mice, and were almost completely lost by 16 weeks (Figs 2A, and 6D and E). At 6 weeks of age there were many eIF2a-P-and CHOP-immunopositive PCs in the anterior cerebellar lobes of woozy mice ( Fig. 2B and C) .
Phosphorylated eIF2a and PERK were also detectable by western blot of whole cerebellar lysates (Figs 3A, and 7A and B). Reverse transcription quantitative real-time PCR (RT-qPCR) confirmed the increase in CHOP, and found increases in the levels of both total and spliced XBP-1 mRNAs in the cerebellum of woozy mice aged 6 weeks (Fig. 3B) , indicating that the ATF6 and IRE1 branches of the UPR were also activated (19) . These markers decreased at 10 and 16 weeks of age, most likely because of progressive PC loss (Fig. 3B ). In the cerebrum there was no increase in UPR markers at any of the times tested (Fig. 4) .
Thus the UPR-particularly the PERK/eIF2a branch-was clearly activated in the woozy mouse cerebellum starting from a pre-neurodegenerative stage, calling for further investigations to test the therapeutic inhibition of PERK signaling.
Pharmacological PERK inhibition is neuroprotective, and delays the onset and progression of clinical disease in woozy mice
We tested the therapeutic effect of GSK2606414, an orally available PERK inhibitor (20) . In a first pilot experiment, groups of WT and woozy mice (four per group) were treated twice daily with 50 mg/kg GSK2606414 or the vehicle starting from 4 weeks of age. To check for any beneficial effect before motor deficits became detectable on the accelerating rotarod, we used the beam walking test (see Study design in the Materials and Methods section), which is a sensitive indicator of fine motor coordination and balance in mouse models of spinocerebellar ataxia. Mice walked on a suspended metal beam, 0.8 cm wide, 100 cm long, and the number of hindfoot missteps and time to traverse the beam were recorded. There were no differences in performance between the different groups of mice up to 6 weeks of age ( Fig. 5A and B) . At 7 weeks, however, the number of hindfoot missteps and the time to traverse the beam in vehicle-treated woozy mice were significantly higher than in WT controls, with missteps further increasing at 8 and 9 weeks. Strikingly, the motor performance of GSK2606414-treated woozy mice was undistinguishable from that of WT controls ( Fig. 5A and B, and Supplementary Material, Movie S1); they only showed a slight, non-significant increase in missteps after 5 weeks (9 weeks of age) (Fig. 5A) , at which time the experiment was terminated to assess the effect of PERK inhibition on incipient cerebellar pathology.
The number of CHOP-immunopositive PCs was significantly reduced in woozy mice treated with GSK2606414 ( Fig. 5C and D) , consistent with inhibition of PERK and downstream signaling. Immunohistochemistry with the anti-calbindin antibody showed clear preservation of PC bodies and dendritic arborizations in GSK2606414-treated woozy mice (Fig. 5E) ; in fact, the percentage of calbindin-positive area in their cerebellar cortex was similar to that of WT controls (Fig. 5F ).
To assess the long-term effects of the treatment, we repeated the experiment using larger groups of mice (10 per group), again giving GSK2606414 twice daily from 4 weeks of age. Mice were assessed weekly on the accelerating rotarod starting from the fifth week of treatment, at which time vehicletreated woozy mice had a significantly shorter latency to fall than WT controls (Fig. 6A) . However, the latency to fall of woozy mice treated with GSK2606414 was comparable to that of WT animals ( Fig. 6A) , confirming the protective effect of PERK inhibition on motor dysfunction, documented by the beam walking test (Fig. 5A and B) . At later times, however, rotarod woozy mice at 28 weeks of age. ****P < 0.0001 by Student's t-test.
performance progressively declined in both vehicle-and GSK2606414-treated woozy mice, although the latter continued to do better (Fig. 6A) .
This was confirmed by the beam walking test at 10 weeks of treatment. Both vehicle-and GSK2606414-treated woozy mice were unable to walk on the suspended beam without dragging the hindlimbs, so the hindfoot missteps could not be scored (Supplementary Material, Movie S2). The two groups of mice took the same time to traverse the beam (Supplementary Material, Fig. S1 ); however, GSK2606414-treated mice fell from the beam much less during the three trials than vehicle-treated controls, with only one falling once in the treated woozy group, compared with six falling a total of 23 times in the vehicle group.
Progressive tremor is part of the neurological picture of woozy mice (6) . Mild tremor is first apparent at $10 weeks of age when mice start walking; the tremor is perpendicular to the line of motion and can be clearly seen when mice walk on the suspended beam, possibly contributing to their poor performance in this test (Supplementary Material, Movie S2). As the mice age, the tremor becomes more severe and can also be seen when mice start walking on a table top. Woozy mice were scored for tremors after 10 weeks of treatment (14 weeks of age). Eight mice in the vehicle-treated group had severe and two had mild tremor, while in the GSK2606414-treated group, five had severe and five had mild tremor.
At this stage, MRI showed similar atrophy of the cerebellum in vehicle-and GSK2606414-treated woozy mice ( Fig. 6B and C) . However, calbindin immunostaining at the end of the experiment after 12 weeks of treatment showed that PCs were relatively spared in GSK2606414-treated woozy mice (Fig. 6D ), so the calbindin-positive area was significantly larger than in vehicletreated animals (Fig. 6E) .
Biochemical analysis showed reduced PERK-P levels in the cerebellum of GSK2606414-treated woozy mice ( Fig. 7A and B ), but no increase in mRNA expression of XBP1, which is induced by activated ATF6 (19) , and IRE1-mediated XBP1 splicing ( Fig. 7C and D), indicating that protracted PERK inhibition was not associated with over-activation of the other UPR branches. The protein but not the mRNA level of ORP150 was increased in the cerebellum of woozy mice treated with GSK2606414 ( Fig. 8A-C) . Immunofluorescence analysis of cerebellar sections showed that ORP150 was expressed in surviving PCs of GSK2606414-treated woozy mice ( 
GSK2606414 attenuates the muscle pathology of woozy mice
Woozy mice develop severe progressive myopathy, with upregulation of UPR markers, which is first evident at 16 weeks of age by electron microscopy when histological examination is still unrevealing (7) . To test whether GSK2606414 had any effect on skeletal muscle, we analyzed the quadriceps of the treated mice by transmission electron microscopy. Consistent with previous observations (7), we found a number of ultrastructural alterations in the muscle fibers of woozy mice that were absent in WT controls. These included enlargements of the sarcoplasmic reticulum in the myofibrillar compartment and the presence of perinuclear autophagic vacuoles containing myelin-like membranous material (Fig. 9A ). These alterations were seen in both vehicle-and GSK2606414-treated animals, although they were less marked in the latter ( Fig. 9B and C) .
Finally, we used high-performance liquid chromatographytandem mass spectrometry (HPLC-MS/MS) to measure the levels of GSK2606414 in the blood and tissues of the treated mice. GSK2606414 concentrations in the blood, brain and quadriceps muscles taken at the end of the study ($4 h after last dose) were analyzed by western blot with anti-PERK-P and anti-total PERK antibodies. The ratio of PERK-P/PERK was quantified by densitometic analysis of western blots. Data are the mean 6 S.E.M. of five animals per group. (C) The same protein extracts used in (B) were analyzed with anti-eIF2a-P and anti-total eIF2a antibodies. Results were similar in animals of 6 and 10 weeks of age. 5968 6 523 ng/ml, 4667 6 541 ng/g and 4966 6 543 ng/g, respectively (mean 6 S.E.M.; n ¼ 10). Mean brain/blood and muscle/ blood ratios were 0.78 and 0.83. This confirmed that the compound had penetrated the brain and skeletal muscle of the woozy mice, reaching therapeutically useful concentrations similar to those reported by others (13) .
Discussion
We tested the effect of pharmacologically inhibiting PERK kinase in the woozy mouse model of MSS, in which activation of PERK/eIF2a signaling prefigures PC degeneration, ataxia and myopathy. Treatment of presymptomatic mice with the PERK Figure 5 . GSK2606414 delays the onset of motor dysfunction and PC degeneration in woozy mice. (A) Groups of WT and woozy mice (four each) were given GSK2606414 or the vehicle starting from 4 weeks of age, and tested weekly for their ability to walk on a suspended beam. Each mouse was tested three times and the mean number of hindfoot missteps was scored. Data are the mean 6 S.E.M. inhibitor GSK2606414 delayed neurodegeneration and the onset of motor dysfunction, prolonging the asymptomatic phase of the disease, and attenuated the motor impairment and skeletal muscle pathology in the symptomatic phase. Thus inhibiting PERK signaling early in the disease may have significant potential to alleviate symptoms and delay progression of neurodegeneration and myopathy.
Cerebellar ataxia is a prominent pathological feature of MMS, which develops during infancy, worsens progressively for some years, then stabilizes (1). Similarly, early in their life woozy mice develop motor deficits detectable in the beam walking and rotarod tests, and their motor function worsens progressively to a point beyond which it does not decline further. At this stage both MRI and histological analysis indicate marked cerebellar atrophy. Cerebellar degeneration is characterized by selective loss of PCs of lobules I-VIII, in which BiP and CHOP are upregulated (6) . We have now found that eIF2a is phosphorylated in these cells, and eIF2a-P and CHOP are already increased at 6 weeks of age before neurons degenerate and motor deficits ensue, between 7 and 10 weeks. Thus the PERK branch of the UPR is activated from an early stage in the cerebellum of woozy mice, like in prion-infected mice, and in rTg4510 tau P301L mice modeling frontotemporal dementia, in which activation of PERK precedes neurodegeneration and the appearance of neurological signs (13, 14) .
Oral treatment with GSK2606414 starting from the fifth week of life significantly delayed the appearance of ataxia in woozy mice. After five weeks, when mice given vehicle were clearly impaired in the beam walking and rotarod tests, and showed significant loss of vulnerable PCs, motor deficits were absent and PCs were spared in GSK2606414-treated mice.
This result is in line with the neuroprotective effects of GSK2606414 in prion-diseased and rTg4510 tau P301L mice (13, 14) . Treatment of prion-infected tg37 mice overexpressing the prion protein (PrP) from 7 weeks post-inoculation (w.p.i.) prevented the memory deficit and the abnormal burrowing behavior normally seen in this model at 9 w.p.i., and preserved hippocampal CA1 pyramidal neurons at 12 w.p.i. (13, 14) . In rTg4510 tau P301L mice, in which hippocampal degeneration and behavioral abnormalities develop much more slowly than in prion-infected mice, chronic GSK2606414 treatment from 6 months of age, when degeneration of CA1 neurons is beginning, reduced further neuronal loss and prevented clinical signs at 8 months of age (14) . However, whether GSK2606414 provided long-term neuroprotection was not investigated in these models (in prioninfected mice this was not possible because of loss of 20% body mass by 12 w.p.i. which, per protocol, required the investigators to terminate the experiment).
In woozy mice, we tested the effect of GSK2606414 up to 16 weeks of age, when in the absence of any treatment PCs are almost completely lost and motor function has maximally declined. In contrast to the almost complete neuroprotection seen after 5 weeks of treatment, after 12 weeks there was widespread loss of PCs, although still significantly less than in vehicletreated mice. Consistent with this, GSK2606414-treated woozy mice continued to perform better in the rotarod and beam walking tests, and had less severe tremors than vehicle-treated controls. Thus even a modest increase in PC survival had detectable beneficial effects.
The GSK2606414 concentrations in the brains of woozy mice were similar to those reported in other mouse models, ruling out the possibility that partial neuroprotection was due to poor compound bioavailability. Moreover, PERK-P was low in the cerebellum of GSK2606414-treated woozy mice, indicating continued inhibition of PERK signaling. There was no increase in total or spliced XBP1 mRNA expression, suggesting that protracted PERK inhibition did not lead to ATF6 and IRE1 over-activation.
The observation that GSK2606414 delayed but did not halt PC degeneration suggests that PERK-mediated UPR is not the effector mechanism of neuronal cell death in woozy mice, and is consistent with evidence that genetic ablation of CHOP is not neuroprotective in this model (9) . So how does PERK inhibition retard PC demise, and how do these cells eventually die? Blocking PERK/eIF2a-mediated translational attenuation, either genetically or pharmacologically, restores the synthesis of vital pre-and post-synaptic proteins in the hippocampus of prioninfected mice, and this accounts for the positive effects on synaptic transmission, neuronal survival and behavior (11) (12) (13) . Recovery of synaptic protein synthesis is also likely to explain the neuroprotective effect of GSK2606414 in rTg4510 tau P301L mice, and may contribute to prolonging the survival of PCs in woozy mice.
Unlike in prion diseases and frontotemporal dementia, where neurodegeneration is due to a gain of toxicity of misfolded PrP or tau, neuronal death in MSS is caused by functional loss of SIL1, which is important for BiP chaperone activity. BiP's ability to bind unfolded proteins and release the folded substrate is tightly regulated by a cycle of ATP binding, hydrolysis and nucleotide exchange, which is controlled by a number of cofactors (21) . SIL1 binds to ADP-bound BiP to catalyze the release of ADP and rebinding of ATP. In the absence of this nucleotide exchange, BiP remains associated with its client protein, ultimately leading to accumulation of unfolded proteins and the UPR. ORP150 can substitute for SIL1 (22) , and its transgenic overexpression prevents PC death in woozy mice (9) . Pharmacological PERK inhibition, by rescuing protein translation, may allow for more efficient ORP150 synthesis in ERstressed PCs, restoring BiP-assisted folding and transport of membrane proteins essential for neuronal function and survival. In line with this, ORP150 was increased in PCs of GSK2606414-treated woozy mice, and PERK inhibition rescued the impairment in membrane protein trafficking seen in SIL1-deficient cells (manuscript submitted). However, in the long run this may still not be enough to support the normal activity of Purkinje neurons which, when dysfunctional, become susceptible to a variety of stresses and eventually die (23) .
Electron microscopy of the quadriceps muscles of GSK2606414-treated woozy mice showed attenuation of the incipient myopathy detectable in this model at 16 weeks of age. In contrast to the almost complete protection by GSK2606414 from early neuronal death, skeletal muscle was only partially protected, with pathological myofibers reduced by $40%. This is unlikely to be due to poor GSK2606414 penetration, since its concentrations in the quadriceps and brain were similar, but may be related to the fact that in the woozy skeletal muscle PERK is poorly activated (7) . Thus, other signaling pathways may contribute to skeletal muscle degeneration that GSK2606414 cannot counteract (24) .
The delay in the onset of motor deficits and prolonged amelioration of motor function in GSK2606414-treated woozy mice might potentially translate into a significant improvement in the quality of life for carriers of SIL1 mutations, who could be diagnosed by molecular genetic screening prenatally or soon after birth, and treated in a pre-symptomatic stage. The use of GSK2606414 in humans, however, is questionable because of its pancreatic toxicity and effect on body weight seen in preclinical models of prion disease (13) . In this regard, we found degeneration of exocrine acinar pancreatic tissue (Supplementary Material, Fig. S3 ) but no weight loss in woozy mice after 3 months of continuous GSK2606414, although they did not gain weight like vehicle-treated controls (Supplementary Material,  Fig. S4 ). There was also no obvious sign of distress or alteration in home-cage behavior in treated WT or woozy mice. Thus in neurodegenerative conditions less severe than the rapidly progressing prion diseases, PERK pathway inhibition may be tolerable and managed clinically to achieve the intended therapeutic benefit without significant side effects. In addition, small-molecule inhibitors of PERK signaling have been described that act downstream of eIF2a-P and uncouple the neuroprotective effect from pancreatic toxicity (11, 25) . So it may be useful to pursue this approach for the treatment of SIL1-related MSS and other diseases associated with pathological PERK activation. 
Materials and Methods

Study design
The aim of the study was to test whether pharmacological inhibition of PERK is protective in the woozy mouse model of MSS. The rationale is based on findings that the PERK/eIF2a branch of the UPR is activated in degenerating Purkinje neurons and skeletal muscle fibers of woozy mice (6,7,9 and this study), and that genetic and pharmacological inhibition of the pathway is protective in several neurodegenerative disease models (11) (12) (13) (14) 26) . We therefore tested the effect of GSK2606414, an orally available pharmacological inhibitor of PERK, on clinical and histopathological readouts.
Longitudinal assessment of motor function was preliminarily employed to determine the onset and progression of ataxia in naïve woozy mice (Fig. 1A) . Then treatment with GSK2606414 was planned in order to overlap the whole progressive phase of the disease, starting from a presymptomatic stage (i.e. from 4 to 16 weeks of age). Since we found no significant differences in motor performance and cerebellar anatomy between þ/þ and þ/wz mice (latency to fall from the rotarod at 34 weeks of age was 200 6 13 s in þ/þ, and 217 6 28 s in þ/wz mice; the cerebellar volume at 28 weeks was 49.3 6 1.0 mm 3 in þ/þ, and 48.6 6 1.6 mm 3 in þ/wz mice; mean 6 S.E.M.; n ¼ 9-10), animals of both genotypes were pooled and used as controls. No sexrelated differences in the woozy phenotype were observed, so both male and female mice were included. The beam walking test, which detects subtle deficits in motor skills and balance but is too hard for severely ataxic woozy mice, was used to assess the effect of PERK inhibition on early motor dysfunction; the accelerating rotarod test, which is less challenging and can also be run with woozy mice in the advanced stage of disease, was used to monitor the long-term effects of the treatment starting from 9 weeks of age, when preliminary analysis indicated performance was beginning to be impaired in vehicletreated woozy mice (Fig. 1A ). Mice were trained three times to walk on the suspended beam and the accelerating rotating rod during the fourth week of life. At the end of the training there were no significant differences in performance between mice assigned to the different experimental groups.
All animal experiments were designed in accordance with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines (27) , with a commitment to refinement, reduction and replacement, minimizing the number of mice, while using biostatistics to optimize mouse numbers. Thus, for statistical validity, sample size was calculated based on our preliminary assessment of rotarod performance (primary endpoint) in naïve woozy mice ( Fig. 1A ; expected treatment effect ! 50%; r 8-12wks ¼ 48; a ¼ 0.05, b ¼ 0.2; n ¼ 10). We used 9-10 mice for MRI, and 3-6 for biochemical analysis, histology and electron microscopy, which, according to our preliminary analysis in woozy mice, are sufficient to detect biologically relevant differences. GSK2606414 50 mg/kg was given orally by gavage twice daily, since in a preliminary experiment we found a clear reduction of PERK-P in the cerebellum of woozy mice treated with 50 but not 10 mg/kg of GSK2606414, consistent with previous pharmacokinetic analysis showing that 10 mg/kg gives inadequate brain exposure to efficiently inhibit PERK (13) .
Mice
Woozy mice (CXB5/By-Sil1wz/J) (6) were obtained from The Jackson Laboratory (Stock No. 003777). They were maintained by heterozygous mating and genotyped by standard PCR, as recommended by the supplier. The animals were housed at controlled temperature (22 6 2 C) with a 12/12 h light/dark cycle and free access to pelleted food and water. The health and home-cage behavior of the treated mice were monitored daily, according to guidelines for health evaluation of experimental laboratory animals (28 
Accelerated rotarod test
The accelerating Rotarod 7650 model (Ugo Basile) was used as described (29) . Mice were trained three times before official testing. They were positioned on the rotating bar and allowed to become acquainted with the environment for 30 s. The rod motor was started at 7 rpm and accelerated to 40 rpm at a constant rate of 0.11 rpm/s for a maximum of 300 s. Performance was scored as latency to fall, in seconds. Animals were given three trials, and the average was used for statistical analysis.
Beam walking test
Mice were trained to walk along a metal beam 0.8 cm wide, 100 cm long, suspended 30 cm above bedding, for 3 days before testing. On the day of testing, animals were given three trials. Mice were video recorded and the number of hindfoot missteps, falls and time to traverse the beam during the three trials were counted by an investigator blinded to the experimental group.
The average number of missteps and time to traverse the beam during the three trials were used for statistical analysis. 
Immunohistochemistry and immunofluorescence
Mice were deeply anesthetized by intraperitoneal injection of 100 mg/kg ketamine hydrochloride and 1 mg/kg medetomidine hydrochloride (Alcyon), and perfused through the ascending aorta with phosphate-buffered saline (PBS, 0.05 M; pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS. Brains were removed, post-fixed, cryoprotected and frozen at À80 C. Serial sections (20 lm thick) were cut using a Leica cryostat and incubated for 1 h at RT with 10% FBS, 5% bovine serum albumin, 1% Triton X-100 in PBS 0.1 M, pH 7.4, then overnight at 4 C with mouse monoclonal anti-calbindin-D-28K antibody (Sigma Aldrich, C9848, 1: 2000), or rabbit polyclonal anti-CHOP (GADD153; Santa Cruz Biothechnology, sc-575, 1: 500) followed by visualization with the Vectastain ABC kit (Vector), using DAB as chromogen. Images were acquired with a VS120 Virtual Slide Microscope by Olympus and analyzed with NIH ImageJ software. Four sagittal sections were quantified for each mouse cerebellum using an algorithm to segment the stained area. The calbindin immunostained area in the cerebellar molecular layer was expressed as positive pixels/total assessed pixels and reported as a percentage of the total stained area. CHOPpositive cells were counted over the entire perimeter of the PC layer by an investigator blinded to the experimental group. For immunoflurescence staining, sections were incubated with the anti-calbindin antibody diluted 1: 1000 and with a rabbit polyclonal anti-eIF2a-P (Ser51) antibody (Cell Signaling, Cat. No. 9721S, 1: 100), the anti-CHOP antibody diluted 1: 100, or the anti-ORP15 antibody diluted 1: 100, followed by Alexa Fluor (Molecular Probes)-conjugated secondary antibodies. After extensive washing and staining with 2 lg/ml Hoechst 33258 (Molecular Probes), sections were mounted with FluorSave Reagent (Millipore). Images were acquired with an FV-500 Olympus laser confocal scanning system.
Pancreas histology
Sections (4 lm thick) of formalin-fixed, paraffin-embedded pancreas tissue were stained with hematoxylin and eosin and examined under a light microscope for the presence of exocrine acinar cell necrosis and ductal hyperplasia by a veterinary pathologist blind to the experimental group. The pancreas of two vehicle-and three GSK2606414-treated WT and woozy mice were analyzed.
Western blot
Western blot analysis was done as described (31) . The following primary antibodies were used: rabbit polyclonal anti-eIF2a-P (Cell Signaling, Cat. No. 9721, 1: 1000); mouse monoclonal antitotal eIF2a (Cell Signaling Cat No. 2103, 1: 1000); mouse monoclonal anti-vinculin (Sigma, V9264, 1: 5000); rabbit polyclonal anti-PERK-P (Cell Signaling T980, 3179, 1: 1000); rabbit polyclonal anti-total PERK (Cell Signaling C33E10, 3192, 1: 1000); and rabbit monoclonal anti-ORP150 (Abcam EPR5890, ab124884, 1: 1000).
RT-qPCR
Total RNA was extracted from the mouse tissues with an RNeasy kit (Qiagen) according to the manufacturer's instructions. A total of 0.5 lg RNA was reverse-transcribed with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) using random primers, and quantitative PCR was done in Optical 96-or 384-well plates (Applied Biosystem) using the 7300 or 7900 Real Time PCR System (Applied Biosystems) and GoTaq qPCR Master Mix (Promega) according to the manufacturer's instructions. Reaction conditions were 50 C for 2 min, 95 C for 10 min, then 95 C for 15 s alternating with 60 C for 1 min for 41 cycles, followed by 95 C for 15 s and 60 C for 15 s.
The amplifications were always run in triplicate with a blank control consisting of a water template (RNase/DNase-free water). For RT-qPCR of ORP150 the RT 2 qPCR Primer Assay for Mouse Hyou1 (Qiagen) was used. The primer pair sequences were: ACTCCGGCGTGAGGTAGAAA (Fw) and AGAGCGGAACAG GTCCATGT (Rv) for BiP; CCACCACACCTGAAAGCAGAA (Fw) and AGGTGCCCCCAATTTCATCT (Rv) for CHOP; GGAGTGGAGTA AGGCTGGTG (Fw) and CCAGAATGCCCAAAAGGATA (Rv) for total XBP-1; and GAGTCCGCAGCAGGTG (Fw) and GTGTCAGAGT CCATGGGA (Rv) for sXBP-1. Three housekeeping genes were used for data normalization: HPRT1 (Fw, CTTCCTCCTCA GACCGCTTTT and Rv, CATCATCGCTAATCACGACGC), PGK1 (Fw, GGTCGTGATGAGGGTGGAC and Rv, GCAGCCTTGATCCTTT GGTTG) and SV2B (Fw, AGCATGTCACTGGCCATCAA and Rv, CCCAATCCCTATGCCTGAGAT).
Transmission electron microscopy
Quadriceps femoris muscle from 16-week-old mice were excised, cut in the sagittal plane with a razor blade, and fixed with 4% PFA and 2% glutaraldehyde in phosphate buffer 0. 
GSK2606414 dosing and bioanalysis
The PERK inhibitor GSK2606414 (supplied by GlaxoSmithKline) was formulated as a suspension (5 mg/ml) in 0.5% hydroxypropyl-methyl cellulose (HPMC), 0.1% Tween-80, pH 4.0 and given orally by gavage. GSK2606414 concentrations were quantified in blood (1: 1 dilution with water) and tissue homogenates (1: 4 for brain or 1: 9 for muscle dilution with 20: 80 methanol: water) at Alliance Pharma (Malvern, PA, USA) by protein precipitation followed by HPLC-MS/MS. The lower limit of quantification of GSK2606414 was 1.0 ng/ml.
Supplementary Material
Supplementary Material is available at HMG online.
